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Two-color z-scan FCS
Z-scan FCS is a calibration-free FCS method which allows for precise determination of diffusion coefficients in planar systems. 1 The principle of z-scan FCS is based on acquiring individual fluorescence intensity traces at different positions of the planar system (bilayer) with respect to the optical axis (z-axis) of the focal volume. A typical example of the two color z-scan experiment is depicted in Fig. S1 . In this particular example, intensity fluctuations of CTxB-647 (high loaded composition B)
and BDP-DHPE were simultaneously acquired and processed as described above.
Particle number and the transition time dependences for both the dyes show the expected parabolic behavior. When fitting the parabolas with models given by Eg. 3 and Eq. 4, the diffusion coefficient (or apparent diffusion coefficient if the diffusion is not free) and surface concentration can be withdrawn.
Diffusion law and its application in z-scan FCS
Wawrezinieck et al studied the dependence of the mean transition time through the illuminated area on the area size. 3 Due to the fact that in optical microscopy the minimum size of the illuminated area is diffraction limited and that the expected diffusion barriers such as rafts or cytoskeleton meshwork are much smaller than the limit, Monte Carlo simulations were employed. The particular type of the barriers was generated and the Eq. 6
The intercept t 0 is related to the confinement time, i.e. the time a molecule is trapped in the domain, τ conf and the time the molecule diffuses from the center of the domain to its
Usually, it is assumed that
Since the illuminated spot size is being inherently changed during the z-scan, and the number of particles serves as a measure of the size, the diffusion law can be constructed from the z-scan FCS data as introduced by Humpolíčková et al. 4 Eq. 6 is extended as follows:
Eq. 8 τ~ N/N 0 dependences given in Fig. 3 .
Relative brightness of CTxB-647 labeled clusters and two-color cross-correlation experiments
To better understand the source of long transition times observed for the highly loaded Bcomposed GUVs, relative brightness of CTxB-647 clusters, i.e. number of photons generated by a single cluster per second, was estimated for every concentration of the crosslinker. We assume that changes in relative brightness would roughly correspond to the clustering degree, i.e. refer to the average number of CTxB-647-GM1 pentamers in a nanodomain. The results are shown in Table S2 . In order to understand whether the assemblies revealed in the given brightness analyses are solid patches coupling the motion of individual CTxB-647 particles together, liposomes were treated with an equimolar mixture of CTxB-647 and CTxB-488 and the cross-correlation between the red and green signal was investigated (see Fig. S2 ).
The fact that no cross-correlation appears indicates uncoupled motion of CTxB-GM1 complexes, which supports our assumption that the nanodomains result from lipid-lipid interactions rather than mutual interactions between the crosslinker molecules.
Phasor approach in FLIM-FRET analysis
Phasor plot is a graphical, non-fitting approach for visualization of different fluorescence decay functions in FLIM images. 5 In our experiments, phasor plots were used to characterize changes in donor decays in a FRET experiment. 
Baumann-Fayer model
Baumann-Fayer 6 model accounts for energy transfer/migration within one leaflet of the bilayer in a two-dimensional geometry, or between two parallel planes separated from each other at distance d. According to the model, the energy transfer contributes to the fluorescence decay F(t) of a donor according to:
In Eq. 10, α i and τ i describe the donor fluorescence in the absence of acceptors. The function G s (t) stands for the probability that a donor initially excited at t = 0 is still excited at time t later. In a lipid bilayer where both D and A reside at the interface of the bilayer excited energy can be transferred to either A localized in the same leaflet, this process is described by the intra-layer probability G s intra (t), or to an acceptor localized in the opposite leaflet. This event is then described by an inter-layer probability G s inter (t). The total probability G s (t) is given by the joint probability G 
Monte Carlo simulations
Analytical equations describing FRET exist for a limited number of basic geometries and are quite complex and not easy to derive. Therefore it is convenient to apply Monte Carlo simulations, which successively mimic various random processes. Here we have used this technique to simulate FRET in a lipid bilayer containing circular nanodomains. The following steps have been carried out: (i) A certain number of domains corresponding to a pre-defined area occupied by the domains was generated.
(ii) Donors and acceptors were distributed with a certain probability of being localized within and outside the domains.
The distribution is described by an equilibrium constant (K D,A = [donors (acceptors) within]/[donors (acceptors) outside]). (iii)
A donor was randomly excited and assumed to transfer its excitation energy to an acceptor, which was localized either in the same plane or in the opposite leaflet. The time ∆t i elapsed from the excitation to the transfer event depends on the overall energy transfer rate Ω i according to:
where α denotes a random number between 0-1. The total energy transfer rate is calculated as a sum of energy transfer rates from the excited donor i to all acceptors.
Acceptors that are beyond the cut-off distance 10 R 0 are included via the continuum approach (periodic boundary):
Eq. 14 Here j goes from 1 to the number of acceptors found within the cut-off distance R C . R ij is the distance between the i-th donor and j-th acceptor, R 0 the Förster radius, τ D lifetime of the donor in the absence of any acceptor and κ ij 2 is the so called kappa factor. The second term in Eq. 14 accounts for rates between the excited donor and the continuum of acceptors exceeding the donor-acceptor distance R C distributed over two parallel planes. 7 Due to 1/6 power dependence of FRET rate efficiency on R and rather large size of the replicated box (10 R 0 × 10 R 0 ) this term constitutes negligibly to Ω. New configurations
were generated approximately 3000 times and each generated configuration set was 100 times excited and used in the calculation step (iii). The outcome of the simulation is the 
Perylene-to-DiD energy transfer and changes in perylene lifetime
To support our hypothesis that while in the composition B, the domain formation is initiated by the crosslinker, in the composition C, the domains are formed already prior crosslinker addition, we have measured lifetime of perylene (donor) in GUVs formed of the lipid mixture B and C in the presence of DiD (acceptor) before and after addition of the non-labeled crosslinker (CTxB). The distribution constant K of perylene between the liquid-ordered and liquid-disordered phase was estimated to be around 0.8 (intensity image of phase separated GUV formed of the mixture D was analysed, K was calculated as:
, where I and τ are average pixel intensities and lifetimes of perylene, respectively, in the given phase). Additionally, perylene has a longer lifetime in the L o phase (7) (8) The figure shows that in the liposomes composed of the mixture B, the donor decay resembles the decay in the composition A when both donors and acceptor are homogeneously distributed in the Sph-free membrane. When CTxB is added, perylene decay starts to deviate towards longer lifetimes typical for the L o phase. In contrast, in the composition C, the longer decay component is present already before adding of the crosslinker and after its addition almost no decay change was detected.
We are aware of the fact that the decay of perylene is subjected not only to presence of FRET and phase it resides, but it also reflects lipid composition and cholesterol content. In addition, it tends to dimer/excimer formation that may cause additional energy transfers. 9 Therefore, in this work, we did not apply the MC simulations as we did in the case of CTxB-488-to-DiD FRET and restrict ourselves to qualitative data interpretation.
Calculation of collision rates
In order to explain the crosslinker concentration dependence of the diffusion characteristics observed for the B composed membranes, we propose the following model: at low CTxB-647 load, gangliosides GM1 are pentamerized, forming a sphingomyelin-stabilized disks that diffuse freely with a diffusion coefficient D = 2.6 µm 2 s -1 , which corresponds to the value of the mean transition time given in Table 2 . where N av is Avogadro constant, a stays for an encounter radius, which is assumed to be the double of the disk radius (i.e. 10 nm), and c is surface concentration of the disks. The concentration was obtained from the z-scan FCS experiment and the parabolic dependence of the number of particles on the membrane position (Eq. 4). The collision rates and the inter-collision times for the CTxB-647 low and high loaded membrane are given in Table S3 . Table S3 . Theoretical collision parameters for CTxB-647-crosslinked GM1
in the membrane composed of lipid mixture B.
The observed concentration dependence of the diffusion law might result from the fact that at high crosslinker concentration, the protein-lipid disks collide more frequently and thus spend considerably longer time trapped in the domains than in the low concentration case.
